In order to meet increasing demand for higher productivity and flexibility, recently many kinds of multi-functional machine tools, which are capable of multiple machining functions or different kinds of machining processes on one machine, have been developed and widely used in manufacturing industries. In this study, a multi-functional turning lathe, which has two spindles and two turrets so that multiple turning operations and various machining processes could be performed simultaneously, has been developed. Furthermore, the equations of correlation between whole responses and cross responses of the two spindles have been derived to examine to what extent the two spindles affect each other's vibrations.
Introduction
In the last couple of decades, as the demands are increasing to produce machine parts with higher productivity and accuracy at reduced cost, many researches and developments on multi-functional machine tools have been performed [1] [2] [3] [4] [5] 10, 11] . Nowadays multi-functional machine tools are widely used to machining various mechanical components in the aerospace, automobile, power plant industries and so on. Figure 1 shows a brief history of the advancement in the configuration of turning center (TC) [1] . And Figure 2 shows typical examples of machined parts as the functionality of TC was increased [3] . The machine tool shown in Figure 3 is a multi-functional turning lathe under developing for machining complex automotive parts. It consists of 2 spindles and 2 turrets so that various machining process could be performed simultaneously. Regarding a multi-functional turning lathe that consists of two spindles, the two spindles operating simultaneously may affect each other because of interactions between their cutting forces. Thus resulting machining accuracy may be worse than that of a single spindle only machining.
Vibration is one of the dominant causes that most badly affect the machining accuracy of machine tools [6, 7] . In order to examine how the two spindles affect each other's vibrations when they are operating simultaneous- ly, in this study, the equations of correlation between whole responses and cross responses of the two spindles have been derived and FEM harmonic response analysis has been carried out of the multi-functional turning lathe. A generalized machine structure model has been introduced for deriving the correlation equations.
Cross Response Analysis

A Generalized Machine Model Analysis
In order to derive the correlation equation between responses of at arbitrary two different nodes on a machine structure acted on by excitation forces, in this study, a generalized machine structure model is introduced as shown in 
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are mass, stiffness, and equivalent viscous damping coefficient matrices, respectively. And the symbol ω denotes angular frequency.
Equation (1) can be denoted as Equation (2) by identifying nodal degree of freedom. 1 11 12 1 
if the sub-matrices ij H were assumed as diagonal matrices, which seems to be rational assumption in most mechanical structures of isotropic materials, the whole frequency responses at nodes 1 and 2 can be obtained, respectively as follows. 1 11
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, , X Y Z are auto-responses that are X-, Y-, Z-responses at nodes 1 and 2, respectively due to the forces applied to the same node. 12 12 12
, , X Y Z and 21 21 21 , , X Y Z are cross responses that are the displacements brought about at one node due to the associated forces acting on the other node.
Based upon the correlation Equations (4-a)-(4-f), the static cross response to total response ratios (SCR) in the X-, Y-, Z-directions are defined as follows, respectively. 
Where subscript "max" means "the peak resonance frequency where the maximum harmonic response occurs". The percent SCR and the percent DCR can be obtained from SCR and DCR multiplied by 100, respectively.
Cross Response Analysis between Spindles of a Multi-Functional Turning Machine
In order to obtain SCRs, DCRs, and percent SCRs, percent DCRs at the 1 st and 2 nd spindles of the multi-functional lathe, FEM harmonic response analysis has been carried out. Finite element model is presented in Figure  5 and modeling data are listed in the Table 1 . In case of the FEM model shown in Figure 5 of the multi-functional turning lathe, node numbers i, j correspond to the spindle numbers. Prior to this FEM analysis, the multifunctional turning lathe shown in Figure 5 had been optimized for lightweight and high rigidity [8, 9, 11] .
As the result of FEM harmonic response analysis, harmonic frequency responses of the multi-functional turning lathe are obtained; total responses 6 and 7 , it is apparent that almost all of both percent SCRs and percent DCRs are less than 5% except the 1 st spindle's percent DCR, which is above 10%. As stated above, static response means the response at the frequency 0 ω = and dynamic response (peak response) designate the maximum response among resonant peak responses.
Applied the Equations (5) and (6) with the FEM harmonic analysis results, both the percent SCRs and the percent DCRs at the 1 st spindle have been determined and listed in Table 2 .
Similarly, the percent SCRs and the percent DCRs at the 2 nd spindle also have been obtained and summarized in Table 3 . 
Results and Discussion
From the harmonic response analysis results as shown graphically in Figures 6 and 7 and the percent SCRs and DCRs summarized in Tables 2 and 3, the percent SCRs at both the 1 st and 2 nd spindle noses were less than 4%. However the percent DCRs were around 4% -7% at both spindle noses. Furthermore, the biggest percent DCR exceeds 10% even though the turning lathe had been optimum designed previously. Thus, careful consideration should be given to the effect of cross response on whole (or total) vibration response at each spindle in order to develop or design multi-spindle type multi-functional machine tools.
Concluding Remarks
In order to analyze how the two spindles affect each other's vibrations in a dual spindle type multi-functional turning lathe when they are doing machining operations simultaneously, in this study, a generalized machine structure model under harmonic forces acting on two different nodes has been introduced and the correlation equations of the structural responses at the two nodes have been derived. Furthermore, the derived correlation equations of the structural responses of the generalized machine structure model have been applied to the dual spindle type multi-functional turning lathe. As the results with FEM structural analysis of the turning lathe, the percent SCR and the percent DCR of each spindle of the multi-functional turning lathe have been obtained; Computed percent SCRs at both spindle noses are less than 4%, but most of computed percent DCRs are around 4% -6.3% and the biggest one reaches about 10.6%. In conclusion, careful consideration should be given to the effect of cross response on whole vibration response at each spindle to develop high precision multi-spindle type machine tools.
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